[Abstract] We studied a network of cortical neurons in culture and developed an innovative optical device to stimulate optogenetically a large neuronal population with both spatial and temporal precision.
image of the projector is focalized to the sample plane via a pair of lenses and the microscope objective.
The DMD technology offers an unprecedented temporal precision that enables to display patterns at 1.44 kHz and even faster DMDs are now available. In our settings, the resulting pixel size (2.2 x 1.1 µm) was sufficiently small to stimulate single neurons.
To activate a single neuron, we selected a region of interest of ~30 x 30 µm, centered at the soma of the neuron of interest and sent a 5 msec pulse of light. By designing patterns that are projected onto the sample, we could target independently and simultaneously a large number of neurons (10 to 100 neurons). Stimulated neurons were both excitatory and inhibitory (expression of ChR2 under the Synapsin promoter) and were activated by Poisson spike trains. The rate and correlation of the spike stimuli were controlled by the experimenter (see Barral and Reyes, 2016) . By recording from neurons that expressed ChR2, we verified that stimulated neurons responded faithfully to the light pulses. We then recorded concurrently the membrane potentials of up to 4 neurons in cell-attached and in whole-cell configurations to isolate the spiking activity and the postsynaptic inputs, respectively.
Materials and Reagents
A. For the neuronal culture (Brewer et al., 1993) and was further modified by Hilgenberg and Smith (2007) and Barral and Reyes (2016) . This procedure requires aseptic conditions for which the Gibco Cell Culture Basics Handbook can provide a good introduction. c. Experiments can be performed between 14-21 DIV, when neuronal characteristics and network connectivity were stable and expression of ChR2 was sufficient to enable reliable photostimulation.
B. Building and calibrating the photostimulation setup
The setup for optical stimulation using a video projector was originally described in (Stirman et al., 2012) and further modified in (Barral and Reyes, 2016) . The reader will find much details of the procedure to combine a video projector with the microscope in (Stirman et al., 2011; Stirman et al., 2012) . The general idea is to focus the image of the projector in the same plane as the sample.
Because our microscope was mounted on a movable platform, the photostimulation setup had to be physically connected to the microscope. We describe here the procedure to achieve this but alternative solutions are available and might be more appropriate depending on the setup configuration. Here, we attached a breadboard onto the fluorescent path of the microscope to build the photostimulation light path. We chose the breadboard small enough to limit weight on the microscope but it forced us to use an additional mirror. If possible, try to avoid this mirror by having a longer straight path to project the light coming from the projector. EPA, eyepoint adjuster; CTL, camera tube lens; DM, dichroic mirror; RM, reflective mirror.
e. It is likely that the collimated beam will be larger than the dual port entry of the microscope.
Install the photodiode next to the entry port of the microscope (Figure 3 ) to collect some of this light from the projector that will be used as a trigger to synchronize photostimulation and electrophysiological recordings. If the light beam is smaller than the entry port, place a 10/90 beamsplitter in-between the projector tube lens (PTL) and the dichroic mirror (DM1)
to collect some light from the projector and redirect it to the photodiode system.
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b. Contrast ratio
Here we want to measure the light intensity at the point of stimulation and at other locations to estimate the contrast ratio. This measure is important because it provides an estimate of the light intensity that a non-stimulated neuron receives during stimulation of ChR2 expressing neurons.
i. Place a 50/50 beamsplitter at the place of DM1 and place a 100% reflecting mirror at the sample plane and use the camera to measure the pixel intensity.
ii. Use a camera to measure the average pixel brightness of a white and of a black test pattern. Estimate the contrast ratio using the full-on full-off method measurements as a ratio of white to black. We measured 815:1. Use the faintest LED current for this procedure to avoid saturation of the camera.
iii. Project an ANSI checkerboard pattern composed of 16 rectangles, eight white and eight black ( Figure 4B ). Measure the ANSI contrast ratio as the quotient of the averaged white pixels to the black pixels. We measured 21:1, compared to the 43:1 value that was provided by the manufacturer of the projector. It gives a lower bound of the contrast ratio since a large amount of pixels (half of them) are ON in this configuration.
iv. To measure the real contrast ratio during experiment, namely to estimate background illumination of the system, we measured the contrast ratio when a single region of www.bio-protocol.org/e2335 c. Relation between projector and camera pixels i. Project a pattern of 4 x 4 white dots evenly spaced on a black background ( Figure 4C ).
ii. Measure their positions on the camera.
iii. Knowing the position of the dots on the projected pattern and their locations on the image from the camera, use interpolations techniques to map every pixel of the camera to every pixel of the projector.
iv. This procedure can be achieved either by placing a mirror at the sample plane. One can also simply look at the reflection of the projector on the glass coverslip of the sample, which is useful if one wants to run this calibration during an actual experiment.
v. Draw an arbitrary ROI, build the corresponding pattern, project and image it to assess the quality of the calibration.
Interfacing the projector and the computer
The projector was controlled by the computer through a USB-based connection. One display mode ('pattern sequence' mode) enabled displaying a limited number of single-bit pattern at a rate up to 4 kHz. With the DLP lightcrafter, only 96 patterns can be stored. In this configuration, the predefined patterns were loaded into the remote memory of the projector and displayed using an external analog trigger. More recent projectors can have additional memory but it will never be sufficient to display patterns at high rate for more than few seconds. Additionally, the time to transfer data to the projector can be prohibitive.
To increase the number of patterns, an alternative method ('HDMI video' mode) was used to stream the images through a high speed HDMI connection. Here, images were sent continuously from the computer to the projector via the graphic card using the HDMI port. We Synchronizing accurately the display of each frame with the acquisition of electrophysiological signals was a complicated task because it depends on the precise time at which the computer sends an image to the projector. Since the trigger present on the video projector was already used as an input trigger for the 'pattern sequence' mode, we chose to directly measure the light intensity at the output of the projector using a photodiode. Because, the collimated beam was slightly larger than the entry port of the microscope, we could place the photodiode at the edge www.bio-protocol.org/e2335 2. Take a fluorescent image of the neuronal culture ( Figure 5 ). 3. Define regions of interest (ROIs) onto neurons that will be activated ( Figure 5 ).
4. Using a custom-built interface (Labview or Matlab are suitable for this task), build a temporal sequence of images in order to stimulate each ROI with the appropriate temporal pattern (see Table 1 for the key elements of the interface).
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Data analysis

A. Control experiment
To assess the effectiveness of the photostimulation setup in evoking spikes, we stimulated ChR2-positive neurons. We verified that spikes were evoked reliably when a single neuron was stimulated ( Figure 6A ). Then we stimulated 11 neurons simultaneously and recorded spikes from 2 of them ( Figure 6B ). Whereas one neuron responded only when stimulated by the light pulses, the other neuron also displayed action potentials in response to the stimulation of neighboring neurons, meaning that it was an integrant component of the recurrent network.
B. Network stimulation
The final experiment consists in stimulating the selected neurons by a controlled stimulus ( Figure   7A ). Here, the firing rate of the input was fixed at 5 Hz and the spike trains were not correlated.
These quantities can be varied at will by the experimenter. Neuronal activity in non-stimulated neurons was monitored either in cell-attached ( Figure 7B ) or in whole-cell ( Figure 7C supplement does not promote glia cell proliferation and it might increase cell death.
3. We described here a setup using a 460 nm light source to stimulate ChR2-expressing neurons.
The setup can easily be modified to use another LED of the projector. Alternatively, the light engine of the projector can be dismounted and an external light source can be used to enlighten the digital micromirror device. 
